The paper describes the performance of Pebax ® /PEG blend thin film composite membranes for CO 2 separation from gas mixtures containing H 2 , N 2 and CH 4 .
Introduction
Todays industrial production and infrastructure in the world is based on fossil fuel use [1] , which is related directly with the generation of energy. Thus, it is believed that the combustion of fossil fuels and other human activities are the reasons for the increased concentration of greenhouse gases all over the world [2] , where carbon dioxide (CO 2 ) is one of the largest contributors to global warming. Therefore, its capture from different sources such as power stations, oil refineries and large cement works is very important.
Flue gas usually contains low concentration of CO 2 (<20%); typical CO 2 concentrations in process streams are shown in Table 1 . Power Plant flue gas Coal fire boiler 14 Natural gas fire boiler 8 Natural gas combined cycle 4 Coal-oxygen combustion >80 Natural gas partial oxidation fuel gas 40 Blast furnace gas Before combustion 20 After combustion 27 Cement kiln off-gas 14-33 Oil refineries and petrochemical plant fired heater 8 Another separation problem is the presence of CO 2 in natural gas, where it causes reduction of the heating value and waste of pipeline capacity [4] . To its removal, a wide variety of technologies are available. They include absorption, cryogenic and iron sponge processes; each process has its own advantages and disadvantages [5] . Currently, membrane processes are considered as promising technology within the trains for treating gas streams. Advantage of membrane technology is its simplicity, i.e. no absorbent, which has to be regenerated; it can be easily retrofitted, modularized and scaled-up for several applications [6] .
Despite the early acceptance of polymeric membranes for gas separation, no large scale applications were introduced until the seventies of last century [7] .Main reason was the lack of polymeric membrane materials and membrane structures, which could combine high selectivity and high flux. Commercial membrane systems for gas separation were available since the mid 70ies, but the most important innovation for large-scale commercialization of polymeric membranes for gas separation was achieved by Permea (now Air Products) in 1980 [8] . This success of commercialization of polymeric membranes increased the investigations related to the development of new membrane materials and techniques of membrane preparation, and since then, many applications for membrane based gas separation have been developed (see Table2). The permeation properties of a polymeric membrane depend on the chemical microstructure, crystallinity and morphology of the polymer [10] . Permeant properties like size, shape and polarity determine transport properties [11] . The permeability depends on the solubility and diffusion coefficient of the permeant species in the polymer. Generally, better selectivities are obtained with glassy polymers because the diffusion coefficients in this type of material are more dependent on molecular size than in rubbery polymers [12] . Typical glassy polymers used in membranes for commercial gas separation, are polysulfone, cellulose acetate and polyimides [13] . Membranes prepared from rubbery polymers can be found in commercial applications as well, for instance silicon membranes are used for organic vapor separation and oxygen enrichment [14] .
Membrane materials with high separation performance, i.e. high flux and high selectivity, are crucial for industrial application, In addition, large scale composite membrane preparation must be feasible and simple. An important factor is the use of environmentally friendly solvents during the membrane preparation.
It was shown that polyamide-polyether (Pebax ® ) block copolymers could fulfil above mentioned requirements especially due to its good selectivity for carbon dioxide over hydrogen and nitrogen [15] [16] [17] [18] [19] . In a recent paper we reported an improved and advantageous method to prepare homogeneous Pebax films by using a mixture of ethanol and water at room temperature [20] . The use of this binary solvent and the addition of polyethylene glycol allowed the preparation of films with improved properties; these results led us to develop multicomponent thin film composite membranes. into the microporous structure of PAN support. The coated support was then dipped into the solution containing Pebax and PEG. After the dip coating procedure, the membranes were dried in air at room temperature.
Experimental

Materials and membrane preparation
Gas permeation experiments
A pressure increase test unit designed and built by GKSS (Scheme 1) was used to measure the permeability of single gases (H 2 , N 2 , CH 4 
where V is the permeate volume, R the ideal gas constant, T the temperature, A the membrane area, t is time of measurement, and p F , p 0 and p p(t) are the pressures at the feed, permeate side at beginning and at the end of measurement, respectively. The single gas selectivity (α) between two components A and B can be expressed by equation 2:
The test unit which is shown in Scheme 1 is suitable to perform permeance (flux) tests with various gases and vapours. The flow rate of single gases at different pressures (up to 20 bars) and 293K was tested with a similar device described above, with the difference that fluxes were measured manually by using a bubble meter (Bioblock Scientific). The facility allows studying permeation of mixed gases through the flat composite membranes [21] . The compositions of the feed, retentate and permeate side were analyzed by a gas chromatograph (Variant 3400 with column Chromosorb 107), and the flux of gases was determined by the following equation (3): ) ( , .
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where V P represents permeate volume flow rate, A m is the membrane area, f R and f P are fugacities of retentate and permeate. The fugacity [22] for a gas (A) was calculated using equation (4):
where the fugacity coefficient Φ A was determined by Redlich-Kwong-Soave [23] equation, using Aspen Plus, x A represents the molar fraction of gas A, and P is the total pressure.
The selectivity of membrane for mixed gas was also calculated by equation (2); the area of all membrane samples was 35 cm 2 .
All data presented in this work were collected as follows: at least three samples were tested for single and mixed gas at different pressure; for temperature dependence, one sample per series of gases was used.
Morphology characterization
The thickness and surface morphology of composite membranes were analyzed by scanning electron microscopy (SEM). The SEM analyses was carried out with a LEO 1550 VP Gemini (ZEISS) microscope.
Results and discussion
Single gas measurements
Temperature dependence
Temperature effects on membrane performance were studied in the temperature range of 283-333 K (single gas at 1 bar feed pressure).
The CO 2 flux for different Pebax ® /PEG membranes versus the reciprocal temperature is presented in Figure 1 . Higher temperatures enhance the gas flux due to the increased motion of polymer chains, and thus the diffusivity of CO2 is increased [24] . In pure Pebax ® and all Pebax ® /PEG blend composite membranes, the CO 2 flux increased by nearly 90% when the operating temperature was changed from 303 K to 333 K. This behaviour is a typical Arrhenius type of relation (will be discussed below), which is typical for nonporous polymeric membranes (the higher the temperature, the higher the gas flux) [25] . As can be seen in Figure 1 , the Pebax ® /PEG blend membranes exhibit higher CO 2 flux compared to membranes prepared from pure polymer, similar results were reported previously for homogeneous films [20] . High CO 2 flux in Pebax
blend membranes is attributed to the presence of additional EO units by the addition of PEG which increases CO 2 solubility, and probably induce an increase in of fractional free-volume. Although the flux is enhanced with temperature increase, the selectivity of CO/H 2 , CO 2 /N 2 and CO 2 /CH 4 is declined (see Figure 2) . Therefore, it implies that CO 2 flux and selectivity must be compromised (optimized) between productivity and high purity of gases according to the application. In order to explore the temperature dependence of CO 2 , H 2 , N 2 and CH 4 fluxes in these membranes, resulting data were correlated with the Arrhenius equation. This equation is used to correlate permeability/flux and temperature [25] . Thus, the activation energy of permeation (E p ) can be determined by using the Arrhenius expression (equation
where J is gas flux, J 0 is a pre-exponential factor (independent of temperature) with the same unit as the flux, R the gas constant and T the absolute temperature. The given equation is valid in a temperature range which does not cause significant thermal transitions in the polymer. Table 3 presents the activation energy of permeation for all gases tested in this work. The PEG addition into the Pebax ® matrix leads to lower values of activation energies for all gases. As it is known, the sum of activation energy of diffusion (E D ) and the heat of sorption (H S ) is the apparent activation energy of permeation (E P ) [26] . Therefore, in Pebax ® /PEG samples, the E P can be affected from both E D and H S due to the plasticizer (low molecular PEG) and EO unit present in the system, respectively, and thus, the CO 2 permeation will be affected strongly. The plasticizer increases the polymer chain mobility (gas diffusion increase) and the EO units enhance the sorption of CO 2 in the polymeric system [27] . 
Pressure dependence
Before testing the membranes in a gas mixture, single gas (CO 2 , H 2 , N 2 and CH 4 ) measurements were carried out at high pressure. As described in the experimental part, the tests were performed at 293K up to 20 bar. These conditions were selected in order to compare them with gas mixture measurements.. increased when the feed pressure (fugacity) increased from 5 to 20 bar. In rubbery polymers, the solubility coefficient is determining and it strongly depends on gas condensability, especially when strong permeant-polymer interaction exist [29] . Observing Figure 3 , the slope of the line is shifted to higher values with PEG content.
Therefore, samples with higher content of PEG show stronger pressure dependence due to the plasticization. The CO 2 sorption levels depend strongly on the segmental packing, and the plasticization is related to the segmental mobility [30] , thus the CO 2 flux at higher operating pressure and high PEG content is always increased.
Single gas transport properties are more often reported than gas mixture data. In most cases pure gas selectivities are lower than mixed gas selectivities, especially when one permeant has a high sorption in the polymer, which causes swelling of the membrane material [31] . However, it is well known that only gas mixture experiments can show and estimate the applicability and feasibility of membranes to separate a target gas mixture.
Mixed gas measurements
Mixed gas experiments were carried out with 50/50 vol. % in the feed for CO 2 PEG, 20% PEG, 30% PEG, 40% PEG and 50% PEG.
The selectivity of membranes for mixed gas can be different compared to the selectivity based on single gas [33] . Single gas measurements were carried out from nearly 5 bar with a step of 5 bar, and the mixed gas device allowed to collect reliable data from 7 bar approximately. Although the data are not collected in the same operating pressure for each sample, all results are in the same operating range (see Figure 5 ). As it is seen, CO 2 /gas selectivities based on single gas measurement are higher than mixed gas selectivities due to the plasticization effect. Selectivity is constant for the whole pressure range. This result is in reasonable agreement with that reported earlier for homogeneous films [20] . On the other hand, for CO 2 /N 2 mixed gas the selectivity was between 63 and 70 depending on the feed pressure; 
Thickness and surface morphology of composite membrane
In order to detect defects on the surface and to estimate the thickness of thin film composite membranes, SEM analyses were carried out with many different samples, but as example only some microphotographs are shown in Figure 6 . The thickness of the coating is less than 2 m, and no-defects were detected. Incorporation of plasticizer induced morphological changes on the membrane surface, as expected. It was reported that PEG (200 g/mol) destroy the lamellar structure of Pebax ® , and consequently the crystallinity decreases with PEG content [20] . The surface of these samples also exhibit a morphology as microphase separated material. This observation is similar to that reported previously. It can be attributed to the preparation method, since the polymersolvent system is the same. In summary, thin film composite membranes with good performance could be manufactured by using a dilute Pebax/PEG solution in ethanol/water for dip-coating at room temperature. The composite membranes showed exceptional carbon dioxide selectivities and fluxes.
